We created a protein library consisting of 647 Arabidopsis transcription factors (TFs) using a wheat cell-free system. The quality of proteins in the library was checked by binding assay of bZIP family proteins.
We created a protein library consisting of 647 Arabidopsis transcription factors (TFs) using a wheat cell-free system. The quality of proteins in the library was checked by binding assay of bZIP family proteins.
Screening of TFs binding to 5
0 -regulatory regions of FLC and LFY was conducted using the library, and MYB67 and GBF1 were found to be binding factors.
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The completion of entire genome sequences of various organisms has resulted in the identification of large numbers of novel genes.
1) The challenge ahead is to gain information about the function of these novel genes. Currently, significant effort is devoted to understanding the roles of a gene by analyzing its expression pattern or by analyzing phenotypes of the gene-specific disruption mutant. In addition to this information, biochemical characterization of the protein encoded by the gene is essential for understanding its precise function. However, only slight progress has been made in the large-scale biochemical characterization of proteins, especially at the genome-wide level. To establish a proteomics approach for the characterization of proteins, it is necessary to meet three requirements, availability of i) a wide variety of proteins, ii) sufficient amounts of proteins, and iii) functionally folded proteins.
Transcription factors (TFs) play crucial roles in almost all biological processes. The Arabidopsis genome encodes more than 1,500 transcription factors.
2) These TFs are classified into various TF families according to the distinct type of DNA binding domains, such as AP2/ EREBP, bZIP, HD-ZIP, Myb, MADS, and several classes of zinc finger proteins. TFs control gene expression by binding to specific DNA sequences in the genome. However, the number of TFs whose binding sequences have been confirmed by biochemical analyses is limited, mainly because of the difficulty in obtaining sufficient amounts of purified TF proteins, as they are expressed in small quantities in the cell. Overexpression of recombinant TF proteins in cells is generally difficult because overexpression of TFs often inhibits host cell physiology. Here, we constructed an Arabidopsis TF protein library based on our wheat cell-free protein synthesis system. 3, 4) For evaluation of the library, we performed several biochemical analyses. Our results indicate that the cell-free based Arabidopsis TF protein library is a powerful tool in the large-scale functional analysis of TFs.
Genome analysis revealed at least 1,500 TFs, classifiable into 45 families, in the Arabidopsis genome.
2) Out of these, cDNA clones of 1,076 TFs were in the RIKEN Arabidopsis full-length (RAFL) clone collection.
5)
Escherichia coli cells harboring the cDNA clones were inoculated individually in 96-well plates, and the plates were then incubated for 48 h at 37 C. DNA templates for transcription were prepared from each E. coli clone using the split-primer polymerase chain reaction (PCR) method, as described in our previous reports. 4, 6) Finally, we prepared a total of 705 DNA templates for transcription from the 1,076 RAFL clones. mRNAs were prepared from each amplified DNA template, and the synthesized mRNAs were used for protein synthesis by the bilayer method. 7) Following this protocol, we created a protein library, AtTF, consisting of 647 synthesized Arabidopsis TFs. The mean values for the amount (concentration) and solubility of all synthesized TFs were 1 mM and 72% respectively (Fig. 1A) . The size of each protein synthesized was confirmed by SDS-polyacrylamide gel electrophoresis (PAGE) analysis (data not shown). We did not observe any major difference among the families as far as protein synthesis and solubility were concerned. All the families included both y To whom correspondence should be addressed. Yaeta ENDO, Fax: +81-89-927-9941; E-mail: yendo@eng.ehime-u.ac.jp; Tatsuya SAWASAKI, Fax: +81-89-927-9941; E-mail: sawasaki@eng.ehime-u.ac.jp Abbreviations: PAGE, polyacrylamide gel electrophoresis; RAFL, RIKEN Arabidopsis full-length; PCR, polymerase chain reaction; TF, transcription factor; TRR, transcription regulatory region poorly-synthesized and well-synthesized TF proteins. There was no TF family from which no members could be synthesized using this cell-free protein synthesis system. These results suggest that our cell-free protein synthesis system can synthesize sufficient quantities of good-quality Arabidopsis TFs for functional analysis.
To determine whether these synthesized TF proteins can be used for functional analysis, we demonstrated two independent DNA binding assays using this protein library. First we examined the DNA binding activity of the bZIP TFs in this library. bZIP TFs have a basic region that binds to the DNA and a leucine zipper dimerization motif. 8) Proteins with bZIP domains are present in all eukaryotes analyzed to date. Some of the bZIP TFs, such as Jun/Fos or CREB, have been extensively studied in animals, and they serve as models for understanding TF-DNA interactions, ternary complex formation, and post-translational modifications. 8) Plant bZIP proteins bind to DNA sequences with an ACGT core, preferentially to A-box (TACGTA), C-box (GACGTC), and G-box (CACGTG).
9) Seventy-five bZIP transcription factors were found in the Arabidopsis genome, and they were classified into 11 groups. 8) In this study, 54 bZIP proteins were synthesized using the cell-free protein synthesis system. Among them, 45 bZIP proteins (60% of the family), concentration of which was approximately 0.4 mM, were used for the binding assay. The DNA-binding ability of each synthesized TF was detected by gel retardation assay using a specific DNA fragment that contained the A-, C-, and G-box. Gel retardation assay was conducted as previously described.
10) DNA-binding ability was confirmed for 19 out of 45 bZIPs proteins. The representative results of gel retardation assay are shown in Fig. 1B . The results of the DNA-binding assay are summarized in Table 1 . bZIP proteins belonging to A, C, D, G, H, and S groups were reported to bind DNA sequences with an ACGT core. A, High-throughput production of Arabidopsis TF proteins by the wheat germ cell-free protein synthesis system. Arabidopsis TF proteins (n ¼ 647) were synthesized using the wheat germ cell-free system, as described in the text. The concentration (mM) and solubility of these synthesized TF proteins are shown in separate panels. Results are arrayed so that the value of each parameter increases from left to right in each panel. B, DNA binding analysis of the bZIP proteins. The [
32 P]-labeled DNA probe (shown at the bottom of the figure) and an indicated bZIP protein were incubated in the presence (þ) and the absence (À) of a competitor (10-fold excess of the non-labeled probe). After 30 min of incubation, the samples were subjected to PAGE. Asterisks indicate shifted bands of DNA-protein complex. Lanes of PK show results using a protein kinase, GSK1 (negative control). The nucleotide sequences of the oligonucleotides used as the probe are also shown. The sequences of the A-, C-, and G-boxes are underlined. C, Screening of TF proteins. TF proteins synthesized from cDNA clones (At3g12720 and At4g36730) were incubated with the respective biotinylated promoter probes in the presence and the absence of non-labeled competitor DNA fragment (FLC or LFY, 5-and 10-fold excess respectively). After 30 min, the samples were pulled down with streptavidin-conjugated magnetic beads, subjected to SDS-PAGE, and detected by autoradiography. IP, proteins inputted to this assay. D, G, H, and S in the bZIP family with DNA sequences containing the ACGT core was confirmed (Table 1) . On the other hand, no binding of group C proteins was observed. It has been reported that group C proteins in the bZIP family have conserved phosphorylation sites, 8) and that a maize group C bZIP protein, Opaque2, is modified by phosphorylation. 15) Hence group C proteins may need some modification such as phosphorylation for binding.
Transcription is controlled by binding of TFs to the transcription regulatory region (TRR) in the 5 0 -upstream region of a gene. Thus, for better understanding of the gene expression network, it is important to analyze the binding of a TF to the TRR of a gene. Initiation of flowering is regulated by many genes. Among these, the FLC and LFY genes are known to be important negative and positive regulators respectively. 16, 17) Next we used the upstream regions of the FLC (At5g10140) and LFY (At5g61850) genes as the target TRR sequences and searched for the TFs binding to these TRRs. For this purpose, biotinylated target TRR fragments containing the respective 5 0 -regulatory regions (300 bp, encompassing the À450 to À150 bp upstream region from the start codon of each gene) were generated by PCR using 5 0 -biotin-labeled primers, and randomly selected 192 TFs were synthesized by a cell-free protein synthesis system using [ 14 C]leucine. We divided the 14 C-labeled TFs into eight groups, each of which contained 24 different TFs. Each group of TFs was then mixed and incubated with one of the biotin-labeled target TRR fragments. After incubation, the target TRR fragments were pulled down using streptavidin-conjugated magnetic beads. The beads were washed 3 times and then subjected to SDS-PAGE analysis. In our search for the TFs binding to the FLC TRR fragment, specific binding of a 44 kDa protein to the fragment was observed in a TF group (data not shown). Among the 24 TFs that were mixed and used in the binding assay in the group, three TFs had predicted molecular masses of about 44 kDa. The binding activities of these three candidates to the FLC fragment were individually examined by competition assay. The candidate proteins were incubated with a biotinylated FLC fragment in the presence and the absence of a non-labeled competitor DNA fragment, and finally the At3g12720 product (MYB67) was found bind specifically to the TRR region of the FLC gene (Fig. 1C) . Following the same assay protocol, a protein synthesized from clone At4g36730 (G-box binding factor 1, GBF1) was found to be a specific binding protein for the LFY TRR fragment (Fig. 1C) . MYB67 and GBF1 belong to the MYB and bZIP families respectively. Typical binding sequences for MYB ((C/T)AAC(T/G)G) and bZIP (G-box: CACGTG) TFs do not exist in TRR fragments used in these experiments, but similar sequences, TAAATG (À314 to À319) and CACATT (À201 to À206), were found in the FLC and LFY TRR fragments respectively. Binding of GBF1 to CACATT in the LFY TRR fragment was confirmed by DNA foot-printing analysis (data not shown). Although further experiments are required to determine whether MYB67 and GBF1 do in fact bind to those sequences in FLC and LFY TRR respectively in vivo, these results suggest that our TF protein library may help in large-scale screening for isolation of TFs that bind to the TRR of target genes. Furthermore, the result that a bZIP TF, GBF1, binds to a sequence not identical to the A-, C-, or G-boxes suggests that the bZIP TFs for which we did not detect binding activity with the A-, C-, or G-boxes in this study might also recognize similar sequences to those elements. For genome-wide biochemical analysis, large-scale synthesis of proteins has so far been a technological bottleneck. Methodologically, it is impossible to achieve genome-scale synthesis of proteins by conventional methods using living cells. In contrast, our cell-free protein synthesis system from wheat embryo is very suitable for the large-scale production of proteins. We created a protein library consisting of 647 Arabidopsis TFs using the cell-free system in this study. Using the TF library, we demonstrated DNA-binding assay of bZIP TFs and screening of TF binding to the TRR of FLC and LFY. These results indicate that the quality of the protein library is sufficient for large-scale biochemical characterization. The cell-free based protein library might become a promising tool in genome-wide biochemical analysis. Recently, we also succeeded in establishing a protein microarray system based on this cell-free protein synthesis system. 18) We hope that appropriate use of these methods will accelerate the progress of the genome-wide biochemical analysis of proteins.
